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airspeed.    Steady coning and lag angles were taken from 
the articulated analysis, then used to establish root 
angles for the rigid blade in order to minimize steady 
root bending moments. 

Section properties of blades considered in this study are tabu- 
ated in Appendix B, Tables B-l through B-64. 
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into 20 segments in the fully coupled flatwise-chordwise-torsional 
analysis, allowing 60 degrees of freedom. The first step in the 
analysis was to run the calculation as a nonrotating beam to check 
analytical stiffness and weight characteristics against Lockheed's 
data for static deflection. Good agreement was achieved as shown 
by Figure 6. 4. 

The second step in the rigid-rotor correlation program was 
to determine flexibility of spindle bearings at the blade root. This 
was achieved by varying the flatwise and chordwise root spr·tngs in 
the analysis until there was good agreement with Lockheed's blade 
resonance diagram as shown in Figure 6. 5. From this, effective 
springs of 1. 75 million inch-pounds per radian and 4. 00 million inch­
pounds per radian were determined for respective flatwise and edge­
wise root stiffness. Differences between calculated and measured 
third flatwise modes shown by Figure 6. 5 were attributed to motion 
of the rotor head. Test results had been obtained by shaking the hub 
with nonrotating blades where motion of the hub would tend to increase 
the natural frequency. 

The third step in the correlation was to run the ·omplete aero­
elastic analysis at 100 mph using constant inflow. Here, the rotor 
was trimmed, cyclic pitch was determined, and aerodynamic loads 
were calculated. Harmonics of aerooynamic loads were then applied, 
and individual harmonics of blade response were superimposed. The 
radial distribution of calculated blade vibratory bending moments is 
shown to compare favorably with Lockheed's flight measured values 
in Figure 6. 6. 

54 



0 
UJ 
0::: 
- 2000 :::> 
Cf 
UJ 
0::: 

0::: 
UJ 

~ 
UJ 
(/) 

c.::: 
0 
:r: 
r­
Ll.. 
< :r: 
(/) 

UJ z -
~ 
~ 

1000 

0 

S-61 HELICOPTER 
fl-= 203 RPM 

19,000 LBS. 

100 

0 

17,206 LBS. 

AIRSPEED, KNOTS . 

FLIGHT TEST 

CALCULATED 

200 

FIG. 6. 1 EFFECT OF VELOCITY ON HORSEPOWER 

55 



-c:o 
~ 
I 

z -
('I') 

0 --
~ 

t.tl ~ 
Vl :E -~ 0 

:E 
< 
~ ....J (.1.; -~ 
t.tl 
c:o 

> ex; 
0 
f-
< 
0::: 
e 
> 

-
& 
'6 --t.tlVl 

~Vl 

~~ 
<f-
....JVl 
(.1.;> 

ex; 
0 
f-
< 
0::: 
c:o -> 

6 

--+-- - - -- -- -

. 2 .4 .6 . 8 1.0 
NORMALIZED BLADE RADR.JS 

FIG. 6. 2 VIBRATORY BENDING MOMENT ENVELOPE 

6 

- - --- -- --- - I G. w. I= 13. ,)()() L1 I I 

.. a = 2~ l RP~~ I 
I --- - - 1----- f----i- - I 

I 
I ' I - ---- - · --- -

I I 
I 

I 4 
I 

-- -- ---- ~ 

0 0 I J ' -. - -V' ' -
2 

0 
100 

I ! 

--1- - -
CALi ClJLA trED 

0 : FLIC HT 1 ~ST 
--

110 120 130 
VELOCI1Y, KNars 

FIG. 6.3 EFFECT OF VELOCI1Y ON VIBRATORY 
BENDING STRESS 

56 

I 
I 



-Cl) 
w 
~ 
u z --
z 
0 
..... 10 
u 
w 
.n 
a: 9 w ..... z 

w 
u z 
~ ..... 
.n -0 

8 

7 

6 

3 

2 

1 

LOCKHEED CL-47 5 

5.5 lb. wt. AT TIP 

~- SIKORSKY PROGRAM 

Q-LOCKHEED 

3o INmAL CONE ANGLE 

20 40 60 80 100 120 140 160 180 

BLADE STATION, INCHES 

FIGURE 6.4 BLADE STATIC DEFLECTION CURVE 

57 

5.07" 

















coordinates. Therefore , associated with decrease 
thrust moment on the retreating blade, there must be 
a corresJX>nding decrease in thrust moment on the 
advancing blade as shown by Figure 7. 44. At the same 
time, to al thrust on the advancing blade increases to 
compensate for less of lift on the retreating blade. 
Here, advancing blade inboard elements must increase 
lift to offset negative lift on outboard sections. The 
rotor fails to meet trim requirements when inboard 
sections of the advancing blade can no longer make up 
for lift lost on the retreating side. These trends can 
be seen in the airload distributions on advancing and 
retreating blades for various blade twists as shown by 
Figures 7. 41 and 7. 42. 

4. In conclusion, increased negative twist unloads the 
retreating blade and loads the advancing blade. Due 
to pitch trim requirements, the advancing blade can­
not carry the additional lift on the most effie ient 
outboard panels. Instead, it must move the lift well 
inboard. The resulting one - per- rev load dissymmetry 
is the aerodynamic cause of increas~d blade vibratory 
stress with increased negative twist. 

Figures 7. 45 througt: 7. 47 present effects of blade twist 
on combined aerodynamic and inertia loads, and resulting blade 
deflections and moments. Plotted in Figures 7. 45 and 7. 46 are 
radial distributions of aerodynamic (shown dotted) and inertia 
loading for 0 and -8 degree twist blades for the H2 heli opter. 
Load distributions are given for azimuth pos :tions of maximum 
negative and positive bending stress. The contribution of blade 
resJX>nse to total a plied load is shown by the difference between 
applied and aerodynamic loadings. Figure 7. 47 shows schemati­
cally corresponding outboard deflections and moments for each 
blade at the azimuth position of maximum negative stress. Note 
the larger deflections of the 0 degree twist blade due to more 
heavily loaded blade outboard sections. Also, note the 20% radius 
shift in location of the critical blade station. Observe that both 
blades have about the same positive moment due to applied flat ­
wise loading, but negative moment of the -8 degree twist blade 
is greater due to centrifugal forces. 

So far, discussion has centered on understanding increased 
vibratory stress with increased negative twist. Figure 7. 37, which 
gives general characteristics of stress-twist variations, also 
shows increased stress as twist becomes more positive. 
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Analysis of results indicates that this is due to increased positive 
moment on the retreating blade rather than inc r ea sed negative 
moment on the advancing blade. As twist becomes more positive, 
the retreating blade takes on more load. In other words , min imum 
on tne stress- twist curve of Figure 7. 37 is that point at which best 
load sharing is achieved as related to stress. As twist becomes 
further positive , the retreating blade moves intc stall. At this 
point the advancing blade once again assumes the additional load. 

Results of stress-twist variations for rigid rotor designs 
showed aerodynamic trends similar to articulated systems, but as 
expected, resulting blade responses were considerably differe nt. 
Given in Figures 7. 48 and 7. 49 are the radial distributions of air ­
loads for 0 and -8 degree twist blades for the H2- R. Results are 
plotted for both advancing ( 1/) = 90° ) and retreating blades 
( ltl = 270° ). Comparison of these plots with those of Figures 
7. 41 and 7. 42 for the equivalent articulated blade indicates little 
difference in airload distribution. 

Presented in Figure 7. 50 are azimuth histories of bending 
moment at the critical blade station for the same rigid blade. Cnm­
parison with azimuth plots (Figure 7. 40) for an equivalent articulated 
blade shows widely different harmonic contents. Variations are 
attributed to differences in modal response, differences in aerodynamic 
damping, and wide separation of location of critical blade s tation. 
For the H2- R 0 -degree twist blade, one- half peak-to-peak bending 
moment is defined by the difference between moments at '1/J = 160° 
and 1t' = 260°. Radial distribution of vibratory bending moments 
is given in Figu re 7. 38 . For rigid blades, maximum vibratory moment 
generally occurs at the blade root. 

C. EDGEWISE VIBRATORY MOMENTS CHARACTERISTICS 

Variations in edg_wise vibratory moments with twist and 
planform changes are presented in Figures 7. 51 through 7 . 54. Shown 
are results for the Hl, Hl-R, H2 , and H2-R helicopters. There is 
a trend with twist similar to that observed for flatwise bending moments 
(see Section 7 -B). Note that edgewise moment minimum values occur 
at higher negative twist than for corresponding flatwise minimums. 
There are several sigtiificant variables which affect blade edgewise 
moments . These include: 

1. Edgewise Tuning for Rigid Rotors 

Lockheed ' s design criteria (Section 4) take into account the 
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high sensitivity of edgewise moment to the blade's first inplane bend­
ing frequency. Proximity of this mode to one-per- rev results in 
excessively high chordwise moments at the blade root. Here, blade 
resonance becomes more critical than for flatwise moments since 
there is little aerodynamic damping to attenuate amplification. 
Figure 10. 4, which plots the effect of tip weight, clearly indicates 
this sensitivity for a rigid blade. The sharp continuous reduction 
shown for edgt:. .-_,ise stresses is due to detuning the first edgewise 
mode. The rigid blade in this case (aspect ratio = 18) was designed 
for UJ,~ = . 65 fl . Added weight brings this mode further below 
one-per- rev. 

2. Lag Da_mper Characteristics for Hinged Blades 

For the investigation, a linear lag damper constant was assumed 
in the analysis. This provides a damping moment in proportion to 
the blade angular hunting velocity. Actual blade dampers used for 
conventional helicopters are difficult to simulate analytically. Here, 
damping is provided by hydraulic fluid passing through an orifice. 
This results in damping proportional to velocity squared. Also, 
these dampers often provide a relief valve to limit blade stresses , 
which introduces a sharp cutoff at a specified damper force. Oetai led 
correlation of calculated edgewise moments with flight test requires 
that such effects ultimately be taken into account. 

3. Blade Counterweights 

Mass- balancing blade counterweights (see Figure 4. 1) were 
considered as being attached to the blade section but nor.structural 
in th,e analytic study. In actual practice, weights may be restrained 
against radial motion by a plate at lhe blade tip. A concentrated 
force is then produced forward of the elastic axis at the tip. Thi. 
results in a large steady edgewise bending moment being applied 
to the blade. 

D. PLANFORM CHARACTERISTICS 

Variation in blade planform results in two significant effec ts. 
There is a change in radial distribution of airload due to change 
in chord with blade radius. Also, there is a shift in blade response 
characteristics due to mass and stiffness changes associated with 
chord variation. These are discussed separately as follows. 

1. Aerodynamic Loading 

Developed below are equations which relate blade twist 
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